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HISTOLOGICAL CHARACTERIZATION OF CT-IDENTIFIED 
OSTEOARTHRITIC SUBCHONDRAL CYSTS AND CO-REGISTRATION OF 
CT WITH MRI 
JOHN FERNAN 
 
ABSTRACT 
 Osteoarthritis (OA) is a chronic disease that affects the joints, most commonly 
hands, hips, knees, feet, and spine. The disease becomes more common with advanced 
age and is one of the most prevalent causes of disability in older populations.  Currently 
there are no disease-modifying drugs available, and the only curative treatment is total 
joint replacement.  
 The cause of pain in OA is not well understood, but it is known that bone marrow 
lesions (BMLs) identified in subchondral bone by MRI are an important determinant of 
pain.  Abnormal blood vessel growth may be responsible MRI signature of BMLs, and 
the commonality between pathways for angiogenesis and neurogenesis suggests this 
pathologic process may be the source of pain in OA.  The objective of this study was to 
characterize the histologic nature of subchondral cysts identified by micro computed 
tomography (μCT) which had been registered with MRI images in which marrow lesions 
were identified.  
 Femoral heads were collected from 10 patients (6 females and 4 females; age 29-
80) who underwent total hip arthroplasty.  All patients had MRIs performed within 6 
months prior to surgery.  The heads were fixed and scanned with μCT to identify cysts in 
the subchondral bone. A block of the femoral head containing the cyst of interest was 
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resected and processed for histologic analysis. A two-dimensional image from the μCT 
that corresponded to the histologic slice was matched with a coronal view from the MRI.  
The primary compressive group was reliably identified on μCT images and served as 
good indicator for orienting the CT to match with the MRI.  The subchondral cysts that 
were matched to MRI all consisted of predominantly fibrous bone marrow and frequently 
had a large number of blood vessels within the tissue.  Three of the eight cysts had 
cartilage intrusions that were located mostly within peripheral trabecular bone, though 
one cyst contained a nodule of cartilage surrounded by organized fibers with the texture 
of granulation tissue. The process of image registration was mostly performed manually, 
but the development of this process will contribute to a more refined, semi-automated 
process in the future.  The ability to correlate the histopathology of CT-identified lesions 
with a signature pattern on MRI will be an important tool for better characterizing the 
nature of BMLs and understanding the pathogenesis of OA. 
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INTRODUCTION 
 
Osteoarthritis (OA) is a disease characterized by pain and functional impairment 
of the affected joint. Osteoarthritis can develop in any joint, but commonly affects the 
hands, hips, knees, feet, and spine (Litwic et al. 2013). Involvement of the hips or knees 
can be particularly disabling, as pain and stiffness in these large, weight-bearing joints 
can limit the ability to stand from a seated position, walk, and climb stairs. Currently 
there is no known cure for OA and treatment focuses on preventative strategies or 
symptom management. Research into therapies that can stop the biological progression of 
the disease shows some promise, but there insufficient evidence to determine their 
clinical significance (Anandacoomarasamy and March 2010). For patients with hip 
osteoarthritis refractory to pharmacological and non-pharmacological interventions, joint 
replacement surgery is a widely accepted and successful treatment (Konopka et al. 2018). 
In 2010 an estimated 2 million Americans were living with a hip replacement, and with 
the further ageing of the population and the rising levels of obesity this prevalence is 
expected to increase to 4 million by 2030 (Maradit Kremers et al. 2015).  
 
Epidemiology of Hip Osteoarthritis 
Hip osteoarthritis is one of the most prevalent causes of disability among the 
elderly in the United States. A large survey of a population in Johnston County, North 
Carolina found that symptomatic OA was present in 9.2% of adults age 45 or over 
(Jordan et al. 2009) with a significantly higher prevalence in older subjects. Likewise, a 
survey of persons 50 and older in Framingham, Massachusetts, found the age-
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standardized prevalence of symptomatic OA to be 4.2% with a strong age-related 
association (Kim et al. 2014). The disparity in prevalence can likely be attributed to 
different risk factors for the populations. Johnston County has a high proportion of 
African-Americans and farmers, while the population of Framingham is predominantly 
Caucasian and urban. Risk factors for OA can be divided into two groups at the joint 
level and at the person level. Person level factors includes race and occupation as well as 
age, weight, diet, genetics, and injury (Murphy, Eyles, and Hunter 2016). Risk factors at 
the joint level consist of joint morphology, muscular function, and joint shape (Murphy, 
Eyles, and Hunter 2016). The pathogenesis of OA depends not on a singular process but 
rather the interplay of these two groups of risk factors, with joint level factors being the 
etiological basis for the disease and person level factors contributing indirectly to the 
development of OA by increasing the susceptibility to joint level risk factors (Murphy, 
Eyles, and Hunter 2016).  
 
Bone physiology 
Bone is a specialized type of connective tissue that provides support and 
protection and plays a role in the regulation of circulating calcium and phosphate levels 
(Barrett et al. 2018). The matrix of bone is an organic collagen framework that has been 
mineralized with calcium phosphate crystals in the form of hydroxyapatite (Barrett et al. 
2018). The primary constituent of the organic matrix is type I collagen (Barrett et al. 
2018). Bone structure is generally woven into either cortical or trabecular patterns.  
Cortical bone has a low surface to volume ratio and forms the outer surface of bone.  
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Trabecular bone occupies the medullary cavity of bone and forms a porous network 
surrounded by bone marrow and fat (Barrett et al. 2018).  The basic structural unit of 
cortical bone is the osteon, which consists of concentric lamellae centered around the 
Haversian canal through which blood vessels and nerves travel.  Osteon units can 
communicate with each other via Volkmann canals.  
 Bone is a highly dynamic tissue that undergoes remodeling throughout life 
(Florencio-Silva et al. 2015). The three main cell types involved in this process are 
osteoblasts, osteoclasts, and osteocytes. Osteoblasts are modified fibroblasts that secrete 
collagen which then calcifies to form new bone. Osteoclasts are derived from monocytes 
and are responsible for eroding and resorbing previously formed bone. The activity of 
these cells is regulated by osteocytes, which are derived from osteoblasts and lie 
embedded in the bone matrix (Chen, Senda, and Kubo 2015). The osteocytic cell body is 
enclosed within a lacuna and has dendritic processes that radiate out through small 
channels in the bone matrix called canaliculi. These processes form an extensive 
communication network and enable to osteocyte to coordinate bone remodeling in 
response to mechanical stimuli (Chen, Senda, and Kubo 2015).  
 
Hip joint physiology 
The hip joint is one of the largest weight-bearing joints in the human body. It is a 
ball-and-socket type joint between the proximal femur and the lunate surface of the 
acetabulum. The primary weight-bearing surface of the synovial joint is articular 
cartilage, which enables painless, low friction movement between the opposing surfaces 
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and distributes load-bearing to reduce stress on the underlying subchondral bone (Sharma 
et al. 2013). In articular cartilage, the only resident cell type is the chondrocyte which 
exists sparsely distributed within an extracellular matrix (ECM) consisting of mostly 
collagen, proteoglycans, non-collagenous proteins, and glycoproteins.  Chondrocytes are 
responsible for developing and maintaining the ECM.  Chondrocytes regulate the 
turnover and repair of the macromolecules in the ECM in response to mechanical and 
chemical factors. The articular cartilage can be divided into four areas: the superficial, 
middle, deep, and calcified zones.  The superficial zone has a relatively high proportion 
of flattened chondrocytes with mostly type II and type IX cartilage tightly packed 
together aligned parallel to the articular surface, and it maintains a high water content 
(Kapoor 2015).  The structure and orientation of these collagen fibers give the cartilage 
tensile stiffness and enable it to resist sheer forces (Kapoor 2015). The middle and deep 
layers contain larger collagen fibers arranged in perpendicular fashion, higher 
proteoglycan content, and lower water content, and these properties impart a resistance to 
compressive forces (Kapoor 2015).  Separating the deep zone from the calcified cartilage 
is the tidemark, a thick bundle of collagenous fibers that appears as a basophilic line in 
histological sections (Sharma et al. 2013). The calcified cartilage anchors the collagen 
fibers of the deep zone to the subchondral bone, and the division between the bone and 
cartilage layers is termed the cement line. The subchondral bone consists of a thin layer 
of cortical bone overlying trabecular bone, and the cortical layer contains a high number 
of channels that link the calcified cartilage to trabecular bone, permitting molecular 
crosstalk between bone and cartilage that can induce physical and functional alterations.  
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The subchondral trabecular bone contains blood vessels, bone marrow, and nerves, and 
has shock-absorbing and supportive functions (Kapoor 2015).  The morphology of 
trabecular bone adapts to its mechanical load, a phenomenon well-known as Wolff’s law.  
The stress from acetabulum in the standing position is transmitted to the femoral shaft 
through a column of dense bone termed the primary compressive group (Figure 1) (Jang 
and Kim 2008). 
 
Figure 1: Diagram of the coronal cross section of a femur. The primary compressive group 
(PC) is one of four main groups of trabeculae in the femur.  The approximate locations of the 
epiphyseal lines are represented by dots. (Jang and Kim, 2008). 
  
The hip joint is a synovial joint; therefore, the joint cavity between the femur and 
acetabulum is filled with synovial fluid and surrounded by a joint capsule consisting of 
articular cartilage and a fibrous capsule including the synovium, or synovial membrane.  
The synovial fluid lubricates the joint surface and also contains cytokines and growth 
factors that regulate the cells within the synovium as well as the chondrocytes in the 
articular cartilage (Kapoor 2015).  The margin of the acetabulum is surrounded by a 
fibrocartilaginous rim, the acetabular labrum. The labrum increases surface area for joint 
contact and helps create a natural suction around the joint which contributes to stability. 
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A tear in the labrum can disrupt the stability of the hip, leading to impingement between 
the femoral neck and acetabular labrum. This condition, referred to femoral-acetabular 
impingement syndrome, can cause damage to the articular cartilage which may be a 
predisposing factor for osteoarthritis (Standring 2015). The stability of the hip joint also 
arises from the four extracapsular ligaments: the zona orbicularis, the ischiofemoral 
ligament, the pubofemoral ligament, and the iliofemoral ligament (Standring 2015). 
Within the joint capsule exists the ligament of the head of the femur, which extends from 
the acetabular notch to the fovea of the femoral head, which may also contribute to hip 
stability (Kaya et al. 2014). 
 
Pathogenesis of Osteoarthritis 
The development of OA is the result of an alteration in the homeostasis between 
joint tissue synthesis and degradation (Murphy, Eyles, and Hunter 2016).  The 
progressive changes in bone and articular structure can be modeled to depict the early and 
late stages of OA (Figure 2).  Chondrocytes and subchondral bone cells experience 
chronic and acute biomechanical stress throughout their life and respond accordingly to 
maintain the integrity of joint tissues.  However, during OA, the destructive processes 
outstrip the ability of these cells to repair the tissue, resulting in structural damage.  With 
increasing age, one of the strongest risk factors for OA, chondrocytes are less responsive 
to growth factors and anabolic cytokines, have both a decreased proliferative and 
synthetic capacities, and produce less proteoglycans (Kapoor 2015).  The early changes 
seen in OA are degradation of the collagen network and loss of proteoglycan content, 
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particularly aggrecan, from the superficial layers of articular cartilage, resulting in loss of 
compressive stiffness which causes overloading of the joint (Sharma et al. 2013).  
Fibrillations appear in the cartilage surface, and these fragments shear off into the 
synovium where they trigger synovial cells to release pro-inflammatory cytokines which 
in turn promote the release of degradative enzymes from chondrocytes, further continuing 
the cycle of cartilage destruction (Kapoor 2015).  The loss of cartilage can be detected 
radiographically to diagnose OA by assessing the joint space width. 
 Subchondral bone remodeling is implicated in the progression of osteoarthritis, 
but it is unclear whether this event triggers or is the result of cartilage degradation (Burr 
and Gallant 2012).  In early stage OA, the subchondral bone plate becomes thinner due to 
increased bone remodeling while the underlying trabecular bone becomes thinner and 
more rod-like (Burr and Gallant 2012).  The factors driving the increase in bone 
remodeling are thought to be repair processes initiated by microcracks in the subchondral 
plate, increased vascularity stimulated by angiogenic factors, and increased porosity of 
the osteochondral junction (Li et al. 2013).  The increase in remodeling is also associated 
with vascular invasion of the deep cartilage layers, which allows uninhibited penetration 
of enzymes that degrade cartilage (Burr and Gallant 2012). As the disease progresses into 
later stages, the subchondral cortical plate thickens while the trabecular bone thickens, 
becomes more tightly spaced, and transforms from rod-like to plate-like shape (Li et al. 
2013).  The overlying calcified cartilage also becomes thicker and the tidemark 
duplicates and advances, which enhances the mechanical stress and contributes to further 
cartilage deterioration (Goldring and Goldring 2010).   
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Figure 2: Hypothetical model of the progression of OA.  Abnormal strain (induced by risk 
factors) on the joint induces a series of changes in different tissues of the joint.  Articular cartilage 
deteriorates as the subchondral plate becomes thinner and more porous.  Microdamage in the 
subchondral plate and calcified cartilage begins to induce bone remodeling.  Subchondral 
trabecular also become thinner and more widely spaced.  As the disease progresses, the high bone 
turnover enhances the thickness of the subchondral plate and calcified cartilage, as evidenced by 
the reduplicated tidemarks.  Cartilage of the articular surface is progressively destroyed.  
Subchondral cysts form and the trabecular bone becomes sclerotic.  The increased subchondral 
sclerosis and thickening of the mineralized portion of the osteochondral junction may be to 
compensate for the cysts and diffuse microdamage of subchondral bone which weaken the 
integrity of the bone. (Li et al. 2013) 
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Osteophytes 
Osteophytes are bony outgrowths that develop in diarthrodial joints typically at 
the junction between cartilage and bone.  The presence of osteophytes is an alteration in 
subchondral bone that is characteristic of OA.  Osteophytes form early in the disease 
process and are a source of pain and dysfunction in the joint (van der Kraan and van den 
Berg 2007).  Osteophytes are thought to develop from mesenchymal stem cells present in 
the periosteum and synovium and are typically found at the margin of joints (van der 
Kraan and van den Berg 2007).  These cells are triggered to undergo the process of 
chondrogenesis followed by endochondral ossification, leading to the formation of 
cartilaginous precursor that ossifies over time (van der Kraan and van den Berg 2007). 
 
Subchondral Bone Cysts 
 Patients with OA frequently have lesions in the subchondral bone called 
subchondral cysts which manifest radiographically as well-defined areas of radiolucency 
with sclerotic rims (Salat, Salonen, and Veljkovic 2015).  Subchondral cyst (SC) 
formation often occurs under areas of the greatest cartilage loss (Li et al. 2013).  The 
pathologic mechanism behind SC formation is unclear and there are two competing 
theories. The ‘synovial intrusion theory’ proposes that the degeneration of cartilage and 
subchondral bone leads to a breach in the osteochondral junction, allowing synovial fluid 
to intrude the bone marrow cavity (Freund 1940).  The ‘bony contusion’ theory suggests 
that abnormal mechanical stress causes the underlying subchondral bone to necrose, and 
cysts form as a consequence (Rhaney and Lamb 1955).  Subchondral cysts are associated 
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with low bone mineralization and high bone turnover (Chiba et al. 2012).  The term 
‘subchondral bone cyst’ is actually a misnomer, as the lesions do not have an epithelial 
lining and are not uniformly fluid-filled (Li et al. 2013).  In a longitudinal study of knee 
osteoarthritis, the presence of cysts was associated with greater risk for cartilage loss and 
eventual joint replacement, yet some patients had cysts which regressed and this was 
associated with reduced cartilage loss (Tanamas et al. 2010). 
 
Bone Marrow Lesions 
Magnetic resonance imaging (MRI) can be used to detect of bone marrow lesions 
(BMLs) which commonly defined as ill-defined areas of low signal intensity in 
subchondral bone seen on T1-weighted (T1w) images, or ill-defined areas of high signal 
intensity on T2-weighted (T2w) or proton density-weighted (PDw) fat-suppressed MRI 
(Roemer et al. 2009) (Figure 3). 
 
Figure 3: BMLs in hip osteoarthritis.  Coronal PDw fat-suppressed image shows a large BML 
in the femoral head (arrowheads) as well as BMLs in the acetabulum (arrows). (Roemer et al. 
2011) 
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In studies of knee osteoarthritis, BMLs are strongly associated with pain as well as 
cartilage deterioration measured by MRI (Hunter et al. 2009).  BMLs also have a strong 
correlation with the radiographic severity of hip OA as determined by the conventional 
K&L grading scheme (Roemer et al. 2011). The characteristic changes in bony structure 
and composition of BMLs include sclerosis, increased bone volume fraction, increased 
trabecular thickness, and more plate-like as opposed to rod-like architecture (Hunter et al. 
2009).  The histopathologic findings of BMLs in patients with OA include patterns of 
edema, necrosis, and fibrosis (Xu et al. 2012).  A study correlating the aspects of BMLs 
with histopathology in femoral heads made a distinction between lesions produced either 
an edema-like or necrosis-like signal on MRI, and found that the edema-like lesions 
corresponded mainly with histological edema and vascular fibrosis, while the necrosis-
like lesions corresponded mainly with marrow necrosis and fibrosis (Leydet-Quilici et al. 
2010).  The necrosis-like lesions were also only found confined within larger edema-like 
areas, which suggests that the edema-like lesion represents a less-severe, potentially 
reversible stage in the deterioration of subchondral bone (Leydet-Quilici et al. 2010).  
The prevalence of BMLs is also strongly associated with the incidence of subchondral 
cysts in the knee, even after adjustment for full-thickness cartilage loss, which lends 
support to the bony contusion theory of subchondral cyst formation (Crema et al. 2010). 
 
 
Classifying Osteoarthritis 
OA can be defined by radiological or clinical criteria. The American College of 
Rheumatology has set standards for the clinical diagnosis which include the presence of 
	12 
morning stiffness, pain with certain range of motion exercises, and systemic evidence of 
inflammation (Crema et al. 2010). The most widely used method for defining the disease 
radiographically is the Kellgren and Lawrence (K&L) criteria. This system grades the 
severity of hip OA on a five-point scale (0-4) with higher grades indicating more 
advanced progression, and the grade is assigned based on the narrowing of the joint 
space, osteophyte formation, subchondral sclerosis, subchondral cysts, or gross deformity 
of the femoral head or acetabulum (Kellgren and Lawrence 1957). Radiological findings 
can be used to confirm a diagnosis of OA in a patient with clinical symptoms, but there is 
a discord between defining the disease based solely on either radiographic or 
symptomatic evidence, as patients with hip pain frequently lack radiological evidence of 
the OA, and asymptomatic patients will often have radiographs exhibiting features of OA 
(Kim et al. 2015).  
Magnetic resonance imaging (MRI) is another imaging modality used to stage OA 
which has the unique ability to examine the joint as a whole organ. MRI works by 
generating a strong magnetic field which causes the hydrogen nuclei (a single proton) in 
biological tissues to uniformly align and create a magnetic vector along the axis of the 
MRI scanner (Salat, Salonen, and Veljkovic 2015). Radiofrequency pulses are delivered 
to the tissue which causes the magnetic vector to deflect and subsequently relax, emitting 
a radiofrequency signal (Salat, Salonen, and Veljkovic 2015). Multiple pulses can be 
used in sequence to determine which type of proton produces the most signal, and this 
allows detection of individual tissues such as cartilage, synovium, bone marrow, 
synovium, ligaments, and joint capsule (Salat, Salonen, and Veljkovic 2015). MRI can 
	13 
detect abnormalities that cannot normally be seen radiographically, such as cartilage 
damage, synovitis, and bone marrow lesions (Kim et al. 2015).   
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SPECIFIC AIMS 
AIM: Bone marrow lesions are a frequent source of pain in patients with 
osteoarthritis and strongly related to the incidence of subchondral cysts, which are one of 
the radiographic criteria most commonly used for diagnosing OA.  Recent approaches to 
classifying OA have utilized MRI to develop semi-quantitative scoring systems that 
evaluate the joint as a whole organ. The aim of this study is to correlate the histologic 
nature of the subchondral cysts that correlate with MRI marrow lesions. 
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METHODS 
Ten femoral heads were collected from patients undergoing total hip arthroplasty 
(THA) at Boston Medical Center in Boston, MA.  Patients were selected based on 
diagnosis of late-stage hip osteoarthritis. The subjects were male (n=6) and female (n=4) 
ranged in age from 29 to 80.  General demographic characteristics and medical history 
for subjects are listed in Table 1. All human research was done under a Boston University 
School of Medicine Institutional Research Board (IRB) Approved protocol: “Bone 
Tissues Repository”, IRB Number: H-35199.  All materials were obtained only from 
patients that had informed consent obtained prior to surgery. 
Table 1. Subject demographics and general medical history. 
Sample 
# 
Sex Age THA 
laterality 
Race BMI Weight (kg) Osteoporosis 
151 F 56 Right White 19.5 53.1 No 
153 M 29 Right N/A 35.0 113.4 No 
155 M 74 Left African 
American 
24.8 71.7 No 
156 F 80 Left White 30.5 83 No 
159 M 56 Right White 28.3 89.8 No 
161 F 67 Right African 
American 
33.0 79.3 No 
162 M 52 Right N/A 31.9 98.8 No 
163 F 59 Right White 35.2 92.5 No 
164 M 51 Left African 
American 
34.6 112 Yes 
166 M 60 Left N/A 23.9 66.7 No 
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Each subject had an MRI performed on the affected hip within six months prior to 
the THA procedure.  All hip MRIs were obtained using a 3T magnetic resonance unit 
(Discovery™ MR750; GE Healthcare, Chicago, IL, USA).  All MRIs were read by an 
experienced musculoskeletal radiologist. The images were assessed with respect to 
subchondral cysts and BMLs using the HOAMS semiquantitative scoring system 
developed by Roemer et al. (2011).  BMLs were defined as ill-defined areas of 
hyperintensity directly adjacent to the subchondral plate.  Subchondral cysts were 
identified as well-demarcated hyperintense lesions typically with a thin sclerotic rim. 
Both features were scored from 0-3 following HOAMS criteria based on extent of 
subregion involvement: 0 = absent; 1 = mild, less than 33% of subregion involved; 2 = 
moderate, 33% to 66% of subregion involved; 3 = severe, more than 66% of subregion 
involved. 
 
Histological Processing 
Femoral heads were obtained from the patient during the THA procedure and 
placed in phosphate-buffered saline (PBS) and transferred immediately to the laboratory 
for processing.  The femoral head was separated from the femoral neck using a 
reciprocating saw (Dremel; WI, USA) and the femoral head was placed into 4% 
paraformaldehyde (PFA) at 4°C for a two-week fixation period, while the neck was 
wrapped in PBS soaked gauze and stored at -20°C. 
The femoral heads were scanned with micro-computed tomography (μCT) and the 
images were processed using ImageJ to identify cavitary lesions in subchondral bone that 
	17 
represented cysts.  First, the thresholds for contrast and brightness of the μCT image were 
adjusted to remove background noise and isolate the bony structure.  Using the Volume 
Viewer plugin, the stack of 2D images was displayed as a 3D projection that allowed the 
femoral head to be manipulated and visualized from any orientation. Cysts were 
identified from the 2D as well-defined, round areas absent of the typical trabecular 
geometry found in the surrounding subchondral bone.  The location of the cyst was then 
visualized in 3D.  Initially, the cyst chosen to analyze was the one with the greatest area; 
however, due to technical limitations with the positioning of the saw apparatus 
discovered during the first cutting of a sample (S156), the criteria for cyst selection was 
revised (see Discussion for details). Cysts were chosen on the basis of well-rounded 
appearance on μCT and location at an approximate position at 1/3rd the total width 
femoral head in either the x or y dimension.  The coordinates of the cyst were recorded in 
the x and y directions based on the position of that slice in the two-dimensional image 
stack.   
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Figure 4: Co-localization of cyst on micro CT. Orthogonal views of S156 showing the 
coordinates of the cyst along the x-axis (A) and y-axis (B). A 3D rendering of the femoral head 
based on μCT imaging shows a transected view of the cyst at the intersection of the red and green 
lines.  
Sections of the femoral head containing these cysts were removed using a low-
speed abrasive rotating saw (Isomet 4000; Lake Bluff, IL, USA). The cut sections were 
fixed for an additional week in 4% PFA and then washed with 1x PBS overnight to 
remove residual PFA.  Cut sections were then placed in 14% ethylenediaminetetraacetic 
acid (EDTA) for a period of at least 3 weeks for decalcification.  Sections were 
individually stored in a nylon mesh bag and then added to a container with 4 liters of 
EDTA which was kept at 4°C and continuously agitated with a magnetic stirrer. The 
EDTA was replaced every 3-4 days. After 3 weeks, the sections were probed with a 26-
gauge needle to check for demineralization. Samples that had achieved a soft consistency 
were X-rayed to confirm that decalcification was complete. Incompletely decalcified 
samples were returned to the EDTA bath for an additional week.  
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Figure 5: Preparation histological slice from resected femoral head. Femoral head S163 with 
resected piece placed in original context of the femoral head (A). The cut section (B) was 
trimmed with a scalpel along the dotted line after decalcification and the portion containing the 
cyst of interest (arrow) was processed for histology. 
 
Mounting and Staining 
Samples were trimmed with a scalpel to enable the area of tissue containing the 
cyst identified by μCT to fit onto a 75mm by 25mm microscope slide in order to facilitate 
staining and microscopic viewing (Figure 5).  The remaining section of the femoral head 
slice without the cyst of interest was stored in 1x PBS with penicillin/streptomycin.  The 
samples containing the cyst were fixed in 4% PFA overnight and then washed in 1x PBS 
for 30 minutes and placed in 70% ethanol.  Each sample was then embedded in paraffin 
and sectioned into 5-µm-thick slices.  Preparation and sectioning of the paraffin blocks 
was performed by an experienced technologist.  Slides were stained with hematoxylin 
and eosin (H&E) to identify subchondral cysts and safranin O with Fast Green (FG) 
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counterstain to identify proteoglycan-rich cartilage.  To ensure that the histologic slice 
corresponded to the μCT image chosen for evaluation, the macroscopic contours of the 
histologic slice were compared to the contours on the 3D projection of the μCT scan at 
the position and orientation where the region containing the cyst of interest was resected.  
 
Cyst Classification 
Cysts were grouped into three categories: fibrous, fatty, or cartilage intrusion. The 
position of the cyst within the femoral head was determined by manipulating the 3D 
reconstruction of the femoral head to its anatomic orientation so that the primary 
compressive group was oriented vertically. The femoral head was divided into superior-
inferior and anterior-posterior halves based on coronal and sagittal slices, respectively 
(Figure 6). 
 
Figure 6: Anatomic position of a cyst.  Coronal (A) cross-section of the 3D rendering of S163 
contains the cyst of interest (yellow circle) in the superior region, as indicated by the red line 
demarcating the superior and inferior aspects of the head.  The sagittal slice (B) with the anterior 
aspect on the left half and posterior aspect on the right half, as demarcated by the red line, shows 
the cyst in the posterior region. 
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Micro-CT and MRI registration 
 
The location of the cyst from the histologic slice was matched to its location on 
the μCT scan that corresponded with the location where the femoral head was resected.  
The cyst was then co-located on the orthogonal view of the μCT.  These two views were 
necessary to locate the cyst with a favorable view of the primary compressive group, 
which served as the reference for properly orienting the CT.  The view of the cyst with 
the primary compressive group was rotated and scaled by measuring the width of the 
femoral head at its greatest point on μCT and matching this to the width of the femoral at 
its greatest point on the coronal PDw MRI slice that provided the most complete view of 
the cyst of interest. 
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RESULTS 
Of the ten femoral heads originally selected, one (S151) was excluded from 
histological analysis because it did not embed properly with paraffin, and one (S162) was 
excluded because of the poor quality of the histologic specimen; the remaining eight 
femoral heads were suitable for histologic analysis. This sample that did not embed with 
paraffin, S151, was notably wider (Table 2) than all others and took 4 weeks to decalcify, 
while other samples required less than 3 weeks in EDTA.  
 
Sample # Slice Thickness (mm) 
151 8 
153 4 
155 2.5 
156 3.5 
159 4.5 
161 3 
162 2 
163 2.5 
164 4.5 
166 3 
 
 
 
 
All of the cysts that were analyzed histologically, were located in the superior 
region of the femoral head (Table 3) and all cysts were situated beneath areas of 
completely eroded cartilage.  One of the cysts, S155, did not appear to be the one 
originally identified by μCT.  The region containing that cyst was likely missed during 
the cutting process, so the μCT slices that corresponded with the misaligned cuts were 
examined and a new cyst was identified.  Macroscopically, the resected sections of 
Table	2:	Thickness	of	slice	resected	
from	femoral	heads.	
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femoral heads contained sclerotic trabeculae in the regions surrounding the cysts (Figure 
7). 
 
Table 3: Cyst location and histologic description  
Sample # Anatomic Location Cyst description 
153 superior, anterior Fibrous bone marrow with numerous blood vessels. 
Surrounded by sclerotic trabeculae. 
155 superior, anterior Fibrous bone marrow with numerous blood vessels. 
Surrounded by sclerotic trabeculae. 
156 superior, posterior Fibrous bone marrow with cartilage intrusions both within 
the trabeculae and nodule of cartilage surrounded by 
organized bands of fibrous tissue. Numerous blood 
vessels. Surrounded by sclerotic trabeculae. Multiple other 
cysts in same plane of section. 
159 superior, posterior Fibrous bone marrow surrounded by sclerotic trabeculae 
161 superior, anterior Fibrous bone marrow with numerous blood vessels. 
Surrounded by sclerotic trabeculae. 
163 superior, posterior Fibrous bone marrow with peripheral cartilage inclusions 
located within trabeculae. Evidence of reactive bone 
formation in periphery of cyst. Thin-walled blood vessels 
and bony fragments within the cyst. Surrounded by 
sclerotic trabeculae. 
164 superior, anterior Fibrous bone marrows with peripheral cartilage inclusions 
located within trabeculae. Surrounded by sclerotic 
trabeculae. 
166 superior, anterior Fibrous. Numerous blood vessels. Surrounded by sclerotic 
trabeculae. 
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Three of the eight cysts contained small nodules of cartilage tissue which were on 
the periphery of the cyst either within trabecular bone or surrounded by fibrous tissue. 
The cyst in S163 was predominantly fibrous with a small cartilage component located in 
the rim of trabecular bone surrounding the cyst (Figures 8 and 9).  In S164 the cyst was 
made up of fibrous tissue that had largely replaced the normal fatty marrow, and the 
surrounding trabecular bone was mixed with small cartilage inclusions (Figure 10).  
Femoral head S156 also contained cartilage inclusions in two regions (Figure 11).  One 
of the cartilage intrusions was notable for appearing to be surrounded by shreds of tissue 
with organized texture similar to granulation tissue (Figure 12). 
 
Figure 7: Histologic overview of femoral head S163. The cyst (arrow) contained a large, likely 
fluid-filled lumen. It is located proximal to the articular surface and is surrounded by thickened 
trabecular bone, but at this resolution the nature of the tissue within the cyst is indeterminate. 
(HE, 4x). 
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Figure 8: Cyst region of S163 with proteoglycan-rich cartilage intrusions. Cartilage located 
within the rim of bone surrounding the cyst. (Safranin-O and FG, 10x) 
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Figure 9: Magnification of cartilage intrusions in S163.  A closer view of the region of 
cartilage intrusions from Figure 8 also shows reactive bone formation as indicated by the 
presence of cuboidal osteoblasts (arrows) lining the surface of trabeculae (Safranin-O and FG, 
10x). 
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Figure	10:	Cartilage	
intrusions	in	S164.	The	cyst	is	surrounded	by	fibrous	tissue	which	has	replaced	the	normal	fatty	bone	marrow.		The	trabecular	bone	bordering	the	cyst	contains	basophilic	material	(top)	(H&E,	10x)	which	was	proteoglycan-rich	cartilage	(bottom)	(Safranin-O/FG,	10x).	
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Figure 10: Cartilage intrusions in S156.  Cartilage intrusions are located at the margin of the 
cyst adjacent to the subchondral plate (arrowheads) and deeper within the cyst surrounded by 
fibrous tissue (arrow). (Safranin-O and FG, 4x) 
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Figure 11: Cartilage nodule with surrounding fibrous tissue in S156.  Unlike other cartilage 
intrusions which were located intrabecularly, this nodule was surrounded by organized bands of 
fibrous tissue. 
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Qualitatively, the fibrous bone marrow appeared to have numerous blood vessels in all of 
the cysts.  The cysts in S155 (Figure 13) and S166 (Figure 14) were representative of this 
pattern of vascularity.  Some cysts, such as the one in S163 (Figure 15) and S166 (Figure 
14), appeared to have thin-walled blood vessels and fragments of bone within the cyst.  
None of the cysts appeared to composed of fatty tissue. 
  
Figure 13: Fibrous cyst from S155. Numerous blood vessels within the cyst and 
surrounding fibrous bone marrow (H&E, 4x). 
	31 
 
Figure 14: Fibrous cyst from S166.  Frequent blood vessels indicated by arrows.  Fragment of 
bone also noted within cyst surrounded by fibrous tissue (arrowhead). (H&E, 10x). 
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Figure 15: Fibrous cyst from S163. The cyst exhibited thin-walled blood vessels (arrows) and 
fragments of bone (arrowheads) (HE, 10x). 
  
	33 
μCT-MRI correlation 
 The μCT images with the cyst of interest were registered with corresponding 
coronal PDw and coronal T2w MRI (Figures 15 and 16).  Femoral head S163 did not 
have any coronal MRIs and femoral head S155 did not have a coronal T2w MRI.  
 
Figure 16: Alignment of histological specimen with μCT and MRI for S161.  The histological 
slice (A) with the cyst of interest (green circle) was matched with the corresponding μCT slice 
(B).  The region in the red rectangle is the portion of the femoral head that was resected for 
histological analysis.  An orthogonal view on μCT (C) of the cyst of interest was obtained which 
also revealed the alignment of the primary compressive group, indicating this view correlated to 
an approximate coronal cross-section.  This was rotated and scaled (D) to match the proper 
orientation and size for registration with MRI (E).   
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Figure 17:  Co-alignment of μCT with MRI sequences for S156. The μCT slice which most 
closely represented the coronal slice (A) with the cyst which was analyzed histologically (yellow 
circle) was rotated and scaled to align with the contours of the femoral head from the PDw 
coronal MRI (B) and T2w coronal MRI (C).  A color grade was applied to the PDw MRI to make 
the greyscale differences between the overlain μCT and MRI more apparent (D). 
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DISCUSSION 
Hip osteoarthritis is a disease that affects the whole joint and the remodeling of 
subchondral bone plays an important role in the pathogenesis of the disease.  Subchondral 
cysts are histopathological lesions that are closely associated with the degradation of 
articular cartilage.  Histopathologic analysis of the cysts in this study showed that fibrosis 
and increased vascularity are prevalent components of these cysts.  Increased 
vascularization is a notable feature of bone remodeling, which should be expected with 
the increased bone turnover associated with cysts (Burr 2004).  Previous analysis 
investigating the water signal on MRI associated with BMLs demonstrated that these 
lesions are characterized by increased bone turnover, increased vascularity, and 
angiogenesis, which indicates a dysregulated or chronically ongoing healing process in 
response to repeated tissue damage.  Thickening of trabeculae was also noted, which is a 
well-known change associated with late-stage OA.  Three of the eight cysts also included 
cartilage intrusions which tended to be located at the periphery of the cyst either among 
the bone marrow or within the trabecular bone structure.  In searching previous literature, 
information on such findings was found only once (Aho et al. 2017).  That study 
speculated that the chronic inflammatory processes within the cyst can induce cartilage 
formation among organizing granulation tissue, which appears to be the case with the 
nodule of cartilage located in S156 (see Figure 9).   
In this study, cysts were histologically analyzed based on qualitative observations.  
Further analysis could include a grading system for changes in subchondral bone 
structure and composition that are associated with cyst formation.  Digital image analysis 
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software could be implemented to assess the histomorphometry of subchondral bone, 
such as extent of vascularization within cysts, for example, which could possibly 
correlate with a BML signature pattern based on the increased fluidity in more 
extensively vascularized tissue. 
One of the strengths of this study was the development of a technique to register 
the μCT with the MRI, which would enable the histopathologic analysis of the cysts to be 
compared to MRI signature.  Implementing this method in future studies could provide 
more information about the type of tissue responsible for the pattern of BML expression.  
This study was not able to include such analysis because it lacked a formal interpretation 
of the MRI by an experienced radiologist.  A quantitative or semi-quantitative analysis of 
the MRI, such as the HOAMS scheme developed by Roemer et al. (2011), would permit 
a more rigorous investigation how the tissue-level changes manifest on MRI.  Registering 
the μCT with the MRI was done mostly manually, but this study was able to identify 
some of the steps in this process that can be refined in order for analysis to implement a 
semi-automated algorithm that will be able to register the μCTs with MRIs more 
efficiently.  One difficulty that needed to be addressed was that μCT and MRI are 
different imaging modalities.  CT detects differences in density based on degree of 
absorbance of X-ray beams, while MRI detects differences in the radiofrequency signal 
emitted by protons.  Between these two modalities, there must be enough similar 
information in order for distinctive features to be reliably matched.  Proton density-
weighted MR images provides the optimal view of bone structure and these images were 
used as the index for positioning the μCT.  MRI and μCT also provide different fields of 
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view; the μCT contained only the femoral head while the MRI depicted the femoral head 
as well as all the entire structure of the surrounding joint.  The main challenge here is 
selecting the optimally oriented slice from the μCT of the femoral head that can be 
properly aligned with either the coronal or sagittal view from MRI.  For this study, we 
assessed the alignment of the primary compressive group on μCT to determine the major 
axes of the femoral head as it would be oriented in standard anatomic position.  The third 
major difficulty in registering μCT with MRI is that the MRI protocol in this study 
produced relatively thick slices with non-isotropic voxels whereas the μCT took much 
thinner image slices that produced isotropic voxels.  This difference in resolution can be 
corrected with techniques in super resolution image reconstruction that overcome the 
resolution limitation with MRI.  Given the limited resolution of the MRI, it may also be 
more feasible to identify a particular lesion or cyst via MRI first, and use the MRI as 
reference for matching the μCT and carrying out a histological analysis. 
Some limitations to the methods for obtaining histologic specimens should be 
discussed. Because of the need to obtain gross anatomic samples, the tissue in this study 
was limited to femoral heads with OA that was advanced and painful enough to warrant 
total hip replacement.  Also, a major difficulty in this study was ensuring the cyst 
analyzed histologically matched the cyst identified by μCT, which depended accurately 
mapping the cyst and aligning the femoral head correctly within the saw according to the 
digital 3D rendering.  In order to align the saw blade with the designated plane of section, 
the femoral head needed to be positioned without any out of plane rotation.  This was 
inherently difficult because the accuracy of positioning relied on matching the 
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topography and contours of the actual femoral head to the 3D projection from μCT, 
which had been optimized to view the bony structure. This method of alignment, 
however, does not capture less dense tissue such as articular cartilage, ligaments, or fat 
which are found on the surface of the femoral head.  Therefore, it was not possible to 
ensure that all the cuts were made precisely at the intended longitudinal position. To 
compensate for these inaccuracies the section taken from the femoral head were made to 
be wide enough to contain the full width of the cyst so that slight deviations in angle or 
position of cutting would be likely to still include a portion of the cyst.  Even so this 
method was not perfect and one of the femoral heads, S155, was cut improperly and only 
able to be included because the cut section incidentally contained another cyst. 
A second difficulty with the alignment of the femoral head was its stability and 
rigidity within the clamp during the cutting process.  Due to the round shape of the 
femoral head, the most secure position for the head was with the flat surface of the 
resected neck against one jaw of the clamp and with center of the femoral head against 
the other jaw, as this was where the curvature of the head was most parallel to the jaw of 
the clamp.  The selection criteria for cysts outside of the clamped region may have 
limited the characterization to only a certain subtype of cysts.  During the cutting process, 
the saw blade occasionally bent if the round surface of the femoral head deflected the 
initial cut. To avoid damaging the saw and making an inappropriate cut, the femoral head 
was repositioned by rotating the femoral head horizontally to expose a surface that was 
more perpendicularly oriented to the saw blade.  Repositioning the head, though, 
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involved unclamping and manipulating the femoral head by hand which introduced a 
greater deviation from the angle and plane of cutting as originally intended. 
This study concerned a limited number of cases, with only 10 samples initially 
selected and 8 viable for histological analysis.  Sample 151 was cut too thick which 
delayed the decalcification process and resulted in poor paraffin embedment, and it could 
not be analyzed within the timeframe of this study.  It is recommended that in future 
studies, the width of the femoral head slice should be limited to less than 5 mm.  The 
registration of the CT with the MRI was also limited by the lack of MR images in the 
coronal plane.  This could be compensated for by determining a structural feature of the 
femoral head that is visible in the sagittal plane on CT and would provide reliable 
information about the three-dimensional orientation of the head, or by a more 
comprehensive MRI sequencing protocol. 
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CONCLUSION 
The eight cysts from osteoarthritic femoral heads analyzed histologically in this 
study all displayed fibrous tissue with numerous blood vessels.  Three of the cysts 
displayed fibrous inclusions within surrounding trabeculae and one of the nodules of 
cartilage appeared to be surrounded by organizing fibrous granulation tissue, which may 
reflect the chronic inflammatory and healing processes involved in the formation of cysts. 
The original aim of this study was to compare the features of cysts with MRI-
identified BMLs.  This could not be accomplished without an accurate diagnosis of the 
MRIs, so only a preliminary comparison was provided.  The procedures for registering 
the μCT with the MRI in this study were able to address some of the inherent challenges 
with this process and this is an important step towards refining and developing a semi-
automatic registration method that will facilitate future comparisons between MRI and 
μCT. 
Developing a better understanding of the tissue-level changes associated with 
BMLs and subchondral cysts is important for determining the physiologic source of pain 
in patients with OA.  Previous studies have shown that BMLs are an important 
determinant of pain in knee and hip osteoarthritis (Felson et al. 2001; Kumar et al. 2013).  
Angiogenesis and increased vascularity may be responsible MRI signature of BMLs, and 
the cysts examined in this study had frequent blood vessels.  The pathways involved in 
angiogenesis are also linked to the growth of nerves which could be responsible for the 
pain associated with OA.  If the extent of vascularity is reliably associated with the 
intensity or size of BMLs, then MRI could serve as an important predictor for the level of 
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pain that patients with OA experience.  BMLs are known to fluctuate in size over time, 
indicating a potentially reversible pathogenesis which holds promise for therapeutic 
intervention. 
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